INTRODUCTION
Deep seismic zones occur when a subducting plate descends into the mantle. The plate gradually warms and undergoes minerslogical phase changes as it descends; reviews of simple thermal models are given by Sleep [1973] , and models of the mineralogy are given by Ringwood [1982] and Helffrich et al. [1989] . Seismological studies of subducted These results were interpreted as slab effects: the thin slab allows short-wavelength waves to travel at the high-velocity but the longer wavelengths do not "see" the slab and travel at normal mantle speed. Slow arrivals in zone I have passed through the slow wedge above the slab; variable arrivals in the south have left the slab and been subjected to a variety of attenuation and scattering effects so that sometimes the two-phase nature of the arrival is preserved and sometimes the early phase is lost.
AG's study was limited by the data quality, which was restricted by analog recording. Estimating high frequency by counting peaks is very unsatisfactory, and result (5) above, from Wellington, suggests very high frequencies are present that cannot be seen on the paper record. Digital recording is required for a more quantitative study. The instruments of the New Zealand network are now being replaced and digital records will eventually become available. In this preliminary study we use the only existing digital station (SNZO), the Seismic Research Observatory (SRO) site at Wellington. It has only one short-period, vertical component, instrument, the filter is not good for our purpose, and there are problems with the trigger so the first few seconds of the arrival are often lost, but these inadequacies are compensated for to some extent by the quiet borehole installation and large dynamic range of the digital recording system. The Wellington site is relatively noisy compared with some other North Island stations such as Mangahao (MNG), and it is not as well placed relative to the slab to observe these early arrivals. JB residuals at the Willmore seismometer from suitable sources show a bimodal distribution with one peak around the JB time and one about 4 s early, suggesting the early phase is often missed altogether: the distribution at the quieter site of MNG has a single peak several seconds early (AG). JB residuals for WEL from the International Seismological Centre (ISC) Bulletin are shown in Table 1 from the latitude-longitude box 20ø-40øS, 170øE-170øW. The search yielded twenty-eight events, three of which were unsuitable because the SNZO instrument triggered late (this only became apparent after scrutiny of the record). Twentyfive events remained; their hypocenters are listed in Table 2 . They cover the full range of events discussed by AG; three are deep events, some at the extreme north of the zone where the early phase is observed, and several very close events.
The short-period record was plotted for each event, the time of the first arrival picked, and the residual relative to JB travel time tables calculated. The result was found to agree, to a few tenths of a second, with the residual published by the ISC for WEL or SNZO (in this time window, ISC appears to report WEL in preference to SNZO unless the former station fails to record). The results, shown in Table 2 , confirm the findings of AG for other stations in the region.
The residuals are somewhat smaller than for MNG but still exceed 10 s in two cases. The long-period trace showed no evidence of a precursor, and often the arrival was late relative to Jeffreys-Bullen times. These records were not Events are arranged in order of distance from the station SNZO. Numbering order is arbitrary. A ø is the distance, JB is the Jeffreys-Bullen residual, LF is the time of a second low-frequency phase relative to JB (when one was observed), and, and r0 is the maximum depth of the ray path. Latitude and longitude are measured in degrees and the minus signs indicate south and west respectively. These conclusions reinforce those made by AG and show that the frequency of the first arrival is even higher than could be measured on the analog recordings.
EVIDENCE FOR DISPERSION
Are there two distinct phases with different frequencies or a single dispersed wave train? Two phases can coexist within the framework of ray theory only if one ray propagates through the slab and the other propagates outside the slab independently. If the structure has significant variations on the length scale of the first Fresnel zone, the concept of ray theory breaks down and frequency-dependent effects, such as dispersion, become operative. For example, depth phases on these seismograms have relatively low-frequency (i.e., normal 1 Hz energy), they take off with a very different angle of incidence from the direct P wave, do not travel near the slab, and can therefore be regarded as rays independent of direct P. They do not exhibit dispersion. AG suggest that the P wave splits and part travels through the slab at high speed, retaining high frequencies, while the other part travels in "normal" mantle beneath the slab, losing high fre-quencies by attenuation. This view of two distinct geometrical ray paths will be valid only if the width of the Fresnel zone of the rays is much smaller than the length scale of variation in the structure, otherwise the assumptions of geometrical optics breaks down. Any observed dispersion will indicate that this is indeed the case.
Dispersion will manifest itself in the seismograms by a gradual change in frequency in the precursor, with lowerfrequency energy arriving after the first onset of highfrequency energy. It was impossible to discern any such dispersion in the analog records. We now examine the digital seismograms from SNZO for evidence of dispersion in the very early part of the waveform. Each waveform was filtered to pass the restricted frequency bands 0.5-1.5, 1.5-2.5, 2.5-3.5, 4.5-5.5, and 5.5-6.5 Hz, using a one-pass Bessel filter which is causal and therefore preserves the onset time of the signal. An example of the results is shown in Most of the time-frequency plots suggest that the dispersion is prominent between 1 and 3 Hz; there are also "holes" in the arriving energy (at 3.5 Hz in event 15 and at 4 Hz, 168 s, in event 7 for example). This fine structure can arise from detailed layering in the subducted slab as explained in section 5, but no attempt has been made to model it. The energy arriving before the precursor at both low and highfrequency is noise. The dispersion is rather less than the JB residual or the burst of 1 Hz energy that is often seen on SNZO or the analog records.
MODELING OF THE DISPERSION
These waves travel along the strike of the slab for a considerable distance. The variation in seismic velocity along the slab is assumed to be smooth, like that in normal mantle, and any possible sudden changes along the ray path, for example due to a break in the slab, are ignored. Velocity variations across the slab are, however, rapid because of the compositional anomalies and temperature perturbation associated with the subducted lithosphere. Under such conditions we can hope to separate the deflection of the propagation path caused by slow variations along the slab from dispersion caused by rapid variations across the slab and treat the wave field as a set of (leaky) modes propagating within the slab. The WKBJ approximation for guided waves [Bretherton, 1968] justifies this approach. We are interested only in the dispersion induced by rapid variations of properties across the slab, and not in the path of propagation along the slab. We therefore model the slab with a plane-layered medium. The data will undoubtedly contain complicated effects arising from any three-dimensional structure through which it passes, but general properties of the dispersion will depend predominantly on the structure across the path and the distance traveled through that structure.
We also choose to restrict the initial modeling to the acoustic case; no S waves are included. In this way we shall isolate dispersion effects on the P wave and eliminate complications in the synthetic seismograms associated with conversion to $. We do not expect conversion to be high or important because these waves travel at close-to-grazing incidence with the slab surfaces and because we are only interested in the first part of the waveform: any conversion to $ wave energy will travel more slowly and will not arrive in the first few seconds. The acoustic calculation cannot account properly for amplitudes. Energy will be interchanged at interfaces by conversion to and from $ and this will not be included in our synthetics. We therefore draw no conclusions from amplitudes or relative amplitudes in the synthetics. A more complete study of the elastic case is reserved for later work. 
The group velocity is, as expected, slower than the wave speed in the faster medium, and it decreases with decreasing kequency: the high frequencies travel the fastest.
The wave number is real to this order in e and there is no attenuation. Second-order terms must be considered in determining the imaginary part of the wave number. They Note that frequency appears everywhere multiplied by H, the slab thickness, so that reducing the slab thickness is equivalent to considering a lower frequency. Taking •, is in this case 0.14. Equation (6) gives kill -0.125, showing that the waves decay exponentially along the slab by a factor of e approximately every eight slab widths, or by a factor of 64 in a typical slab length of 1000 km (corresponding to angular distance 10 ø, typical of the events in Table 2 ) for 1 Hz waves and H -30 km. The damping reflects the decay of 1 Hz energy relative to high-frequency energy and is severe.
We require more than 1% dispersion to explain the observations. Equation (5) gives 3% dispersion at 2 Hz, as required by the data, for an 8 km thick slab. For a 5% velocity contrast we have e -0.32. However, the attenuation length is now much shorter, close to 2H, or 16 kin. These frequencies are therefore completely eliminated by passage along the slab; the attenuation factor at 2 Hz is 7 10 -2s in 1000 kin! The asymptotic approximation is not very accurate at this value of e, but a numerical solution for the roots of (1) reinforces the conclusion of very heavy attenuation.
We conclude that although the uniform slab can produce the required dispersion if it is thin enough, the attenuation associated with leakage of energy out of the slab is so great that the waves would never be observed. This result is confirmed by the synthetic seismograms described in the next section.
Our model is a very simple one, and it might be argued that the slab will retain more energy in the real situation. However, there is everything to indicate the contrary: twists in the slab to a less ideal geometry would lose more energy; P-to-S conversions, not accounted for in the model, would also drain energy from the P wave.
The only aspect of the model we can adjust in order to satisfy the twin constraints of high dispersion and low attenuation is the profile of the slab. We are therefore forced to consider a more complicated structure in order to retain the energy inside the slab.
MODELING THE WAVEFORMS BY A SIMPLE REFLECTIVITY

METHOD
Consider a more complex slab structure. The same approach applies in the determination of leaky mode wave numbers, but the period equation must be solved numerically: we lose the simple analytical approach of the previous section. Furthermore, the frequency no longer scales simply with the slab thickness, although scale invariance with the total thickness of the slab remains.
The derivation of the period equation becomes rather intricate and specialized to each slab profile; it is more efficient to use a numerical reflectivity approach. Consider a stack of N homogeneous plane layers with velocity c,, density p, and thickness Hn. The stack is surrounded on both sides by a homogeneous space with velocity c0 and density p0. An explosive source is present somewhere in the slab, and a radiation condition is imposed outside the slab. The generated wave field is computed using the reflectivity method [Fuchs and Muller, 1971] The period equation (1) follows from setting the denominator in (13) to zero. Numerical results for a uniform high-velocity slab were as predicted by the modal analysis in the previous section: no fast arrival could be seen for a thin slab, and no dispersion for a thick slab. We studied progressively more complicated kin. The time-frequency plots in Figure 9 show dispersion rather than separate arrivals.
The two-layer models do not fit the data well because of the appearance of two distinct phases. However, threedimensional structure along the slab may smear out these arrivals and produce a verisimilitude of dispersion in the real data, so that it is hard to discriminate between the two-layer and ramp models.
CONCLUSIONS
This study of digital data has given simple answers to the first two questions given in the introduction: the early signal is very high frequency, up to 8 Hz on this instrument, and it continues to arrive well into the wave train. . This second pulse is not always present. We conclude the propagation path produces some dispersion, but that other effects may also be present to cause multipathing. The dispersion is considerably more severe than that studied by Vidale [1987] and Vidale and Garcia-Gonzales [1988] in broad slablike structures and demands a sharper variation in seismic velocity than they used. The theory shows that a simple uniform fast slab cannot explain the observations because the energy leaks away. A more complicated structure is needed to retain the energy. A high-velocity thin lid above a thicker layer of slower velocity (but still faster than the surrounding mantle) produces essentially two arrivals, the first being confined to highfrequency, depending on the thickness of the lid. Alternatively, a high-velocity lid above a smoothly varying, slowervelocity layer (again faster than the surrounding mantle) produces the observed dispersion without the appearance of two distinct phases. The smooth model is preferred because it matches the seismograms best and is physically most plausible. With better data it might be possible to relate persistent "holes" in the time-frequency plots to layering in the subducted slab, but existing data does not justify any further interpretation. A firm result of the theory is the existence of a very thin high-velocity layer. The width is constrained by the model to lie between 6 and 15 kin, probably between 8 and 10 km. The one-dimensional approximation may make this an overestimate, but the acoustic approximation is not believed to affect it since the wavelengths of acoustic and elastic waves are the same for a given velocity.
The acoustic approximation is unlikely to predict amplitudes accurately and we have avoided drawing conclusions based on amplitude. However, we believe source position relative to the slab to be critical in determining amplitudes in the real Earth, as it is in the acoustic calculations.
The same conclusions would apply to models with the high-velocity "lid" on the bottom rather than the top, but it is unlikely that such a high-velocity region should lie at the base of the subducted lithosphere; it is more plausible to have a thin layer on top. The lid has similar thickness to oceanic crust, much thinner than either the lithosphere or the width generally assumed for the fast seismic zone. Subducted gabbroic crust will have low seismic velocity; it must have transformed to eclogite in order to explain the observed high-velocity, and we think this is the most likely explanation of the high-velocity lid.
Helffrich et al. [1989] have performed theoretical calculations, using the Birch-Murnaghan law and experimental data from the laboratory, for the seismic velocities of materials at elevated pressure and temperature. They conclude that eclogite cannot produce the required velocity anomaly: they attribute only 0.5% to variation in composition and 1.75% to temperature effects in the slab. The thin top layer of the slab is expected to warm up relatively quickly and the temperature anomaly will be very small at depth. If these theoretical calculations are right, we must seek an alternative explanation for the high-velocity lid. Stress associated with subduction may cause mineral orientation of olivine in the mantle above the slab, producing anisotropy with the fastest direction aligned with the shear and the slowest direction normal to the slab [McKenzie, 1979] . This anisotropy will be difficult to distinguish from heterogeneity: seismic waves will be traveling horizontally near the deepest points on the ray and therefore more slowly from both the anisotropic effect and the decay in temperature anomaly with depth. The two effects arise from different regions, one in the top of the slab and one above the slab. Some more sophisticated observation, like shear wave splitting, is needed to discriminate between the two. We prefer the eclogite interpretation because of the similarity between the thickness of the lid and that of oceanic crust.
Dispersion requiring about 200 km of propagation through the fast layer is observed from two events below 300 km (events 8 and 20). Their ray paths lie close to the slab until the level of the deepest events, when, presumably, they pass out the bottom. The lid must therefore penetrate to at least 500 kin. The dispersion could be caused by propagation beneath the receiver, but this would require energy to reenter the high-velocity lid after passage through the mantle, which seems unlikely. This also means the lid must be continuous, without any breaks or faults, for the dispersion to be observed for so many events.
Our model is rather different from that of tIuppert and Table 2 suggests the fast path is absent at shallow depths close to the receiver. Comparing residuals and deepest points on the ray paths in Table 2 shows that clear precursors axe produced by structure at and 80 kin. If the fast zone is eclogite the transformation from gabbro therefore occur above 80 kin. This compares well with the results of Hori et al. [1985] , who find evidence for a low-velocity channel, interpreted as subducted basaltic crust, to a depth of at least 50-60 kin, based on P-S converted phases, but is considerably shallower sent a 10 km fast layer nor, in some cases, a 60 km thick lithosphere. It is generally hoped that a coarse parameterisation, combined with a restriction to 1 Hz frequency, eliminates the effects of small-scale structure, but there is no guarantee of this, particularly when ISC data is used without examining the original seismograms for their frequency content. The presence of thin slabs will also give the appearance of anisotropy, with rays traveling in the slab yielding faster times than those traveling across the slab. Coarse sampling of such a structure can easily (and erroneously) be interpreted as evidence for anisotropy.
APPENDIX: DERIVATION OF THE PERIOD EQUATION FOR A HIGH-VELOCITY SLAB
Consider the elastic fluid medium described in section 3.
The vertical displacement obeys the wave equation [Kennett, 1983] . 
